Introduction {#Sec1}
============

The metamaterial perfect absorber (MPA), exhibiting nearly unity absorption within a narrow frequency range^[@CR1]--[@CR6]^, has attracted tremendous interest recently. The MPA possesses characteristic features of angular-independence, high *Q*-factor and strong field localization that have inspired a wide range of applications including electromagnetic (EM) wave absorption^[@CR3],\ [@CR7],\ [@CR8]^, spectral^[@CR5]^ and spatial^[@CR6]^ modulation of light, selective thermal emission^[@CR9]^, thermal detection^[@CR10]^, infrared photo detection^[@CR11]--[@CR14]^, circularly polarized light detection^[@CR15]--[@CR17]^, and refractive index sensing for gas^[@CR18]^ and liquid^[@CR19]--[@CR21]^ targets. The MPA typically consists of three layers: an array of metallic resonators (e.g., cross-type resonators^[@CR9],\ [@CR22]^, split-ring resonators^[@CR3]^ or metallic nanoparticles^[@CR23]^ and chiral resonators^[@CR15],\ [@CR24]^) and a highly reflective layer (e.g. metallic film^[@CR3],\ [@CR9],\ [@CR22],\ [@CR23]^ or metallic mesh grid^[@CR3]^), separated by a subwavelength-thick dielectric film (spacer). The mechanism of MPA has been explained through a number of models including impedance matching^[@CR3],\ [@CR7],\ [@CR25]^ and destructive interference^[@CR26]^. In the impedance matching mechanism, the entire three-layered structure is considered as a thin slab made from a homogeneous medium with frequency-dependent effective permittivity *∈* ~eff~(*ω*) and effective permeability $\documentclass[12pt]{minimal}
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                \begin{document}$${n}_{{\rm{eff}}}^{\prime\prime} ({\omega }_{0})\gg {n}_{{\rm{eff}}}^{\prime} ({\omega }_{0})$$\end{document}$, thus incident EM wave enters MPA without any reflection and then rapidly decays to zero inside the MPA. In the destructive interference mechanism, the resonator and the metallic film are considered as two decoupled surfaces, and destructive interferences of waves reflected multiple times by two surfaces lead to zero reflection^[@CR26],\ [@CR27]^.

In this work, we use a transfer matrix method to assemble the MPA from three functional layers and obtain the phase and the amplitude conditions for the perfect absorption. Analyzing these conditions, we reinterpret the MPA structure as a meta-cavity bounded between a "quasi-open" boundary of a resonant metasurface and a "close" boundary of a metallic film. The Fabry-Perot (FP) modes are achieved when the phase condition is satisfied, which leads to a strong resonance with non-perfect absorption (NPA). However, the perfect absorption (PA) only occurs when both the phase and the amplitude conditions are satisfied simultaneously. Although PA has drawn significant attention, NPA are more commonly used in practical applications such as sensors^[@CR18]--[@CR21],\ [@CR28]^ and detectors^[@CR10]--[@CR14]^. Both PA and NPA can be well explained by the meta-cavity model. With an improved retrieval method, we find that the resonant metasurface operates at off-resonance wavelengths, thereby acting as a homogenous thin film with high dielectric constant. The FP model redefines MPA as a meta-cavity with high Q-factor and extremely high photonic density of states (PDOS) where the FP modes are easily tailored by the geometric parameters of metasurface. Our work can pave the way for novel photonic, optoelectronic and cavity quantum electrodynamic (QED) applications^[@CR29]^.

Results {#Sec2}
=======

Single-layer effective medium model {#Sec3}
-----------------------------------

Our perfect absorber consists of three layers: an array of cross-wire resonators, a dielectric spacer and a metal ground plane (MGP) as shown in Fig. [1a](#Fig1){ref-type="fig"}. We carry out a 3D full-wave simulation to solve Maxwell's equations and obtain numerical solutions by Computer Simulation Technology Microwave Studio that uses a finite integration technology^[@CR30]^. The parameters used for simulation are as follows: period of cross-wire array, $\documentclass[12pt]{minimal}
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                \usepackage{amsmath}
                \usepackage{wasysym} 
                \usepackage{amsfonts} 
                \usepackage{amssymb} 
                \usepackage{amsbsy}
                \usepackage{mathrsfs}
                \usepackage{upgreek}
                \setlength{\oddsidemargin}{-69pt}
                \begin{document}$${\omega }_{p}=1.37\times {10}^{16}\,rad/s$$\end{document}$ and collision frequency $\documentclass[12pt]{minimal}
                \usepackage{amsmath}
                \usepackage{wasysym} 
                \usepackage{amsfonts} 
                \usepackage{amssymb} 
                \usepackage{amsbsy}
                \usepackage{mathrsfs}
                \usepackage{upgreek}
                \setlength{\oddsidemargin}{-69pt}
                \begin{document}$${\omega }_{c}=4.08\,\times {10}^{13}\,rad/s$$\end{document}$. We use three different models to describe the perfect absorber: (i) A single-layer effective medium model where the entire structure (Fig. [1a](#Fig1){ref-type="fig"}) is considered as a layer of homogeneous medium (Fig. [1d](#Fig1){ref-type="fig"}) characterized by the effective permittivity $\documentclass[12pt]{minimal}
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                \begin{document}$$({\mu }_{{\rm{eff}}})$$\end{document}$; (ii) A three-layer effective medium model where the cross-wire resonator (Fig. [1b](#Fig1){ref-type="fig"}) is considered as a homogeneous effective film (Fig. [1e](#Fig1){ref-type="fig"}) with $\documentclass[12pt]{minimal}
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                \begin{document}$${\mu }_{{\rm{eff}}}$$\end{document}$ on top of two layers of real films, the spacer and MGP; (iii) A transmission line model where the multiple-layer optical system (Fig. [1c](#Fig1){ref-type="fig"}) is modeled as a two-port network (Fig. [1f](#Fig1){ref-type="fig"}) with input impedance $\documentclass[12pt]{minimal}
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                \begin{document}$${z}_{{\rm{out}}}$$\end{document}$.Figure 1**Effective models for MPA.** Schematic diagrams of (**a**) metamaterial perfect absorber (MPA) and its (**d**) equivalent single-layer film characterized by effective $\documentclass[12pt]{minimal}
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                \begin{document}$${\mu }_{{\rm{eff}}}$$\end{document}$; (**b**) perfect absorber with cross-wire, spacer and metal ground plate considered as a three-layer structure and (**e**) equivalent three-layer film model where the cross-wire is considered by a homogeneous film with $\documentclass[12pt]{minimal}
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Since the MGP prevents the EM wave from propagating through, the perfect absorption is obtained when the reflection reaches zero at certain wavelength as shown in Fig. [2d](#Fig2){ref-type="fig"}. Among three models shown in Fig. [1](#Fig1){ref-type="fig"}, the single-layer effective medium model is widely used in various MPA works^[@CR1],\ [@CR3],\ [@CR7],\ [@CR25]^, where the electric and the magnetic resonances lead to the impedance matching condition, $\documentclass[12pt]{minimal}
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                \begin{document}$${z}_{{\rm{eff}}}=\sqrt{{\mu }_{{\rm{eff}}}/{{\epsilon }}_{{\rm{eff}}}}=1\,$$\end{document}$, at the perfect absorption wavelength. Therefore, the incident EM wave propagates through the top surface of effective film in Fig. [1d](#Fig1){ref-type="fig"} without any reflection. Meanwhile, the effective film exhibits large imaginary effective refractive index, $\documentclass[12pt]{minimal}
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                \begin{document}$$r$$\end{document}$. Due to the asymmetric structure of MPA along the propagation direction of incident light, the perfect absorption only occurs for incident illumination from the front-side (cross-wire) and the EM wave incident from the back-side (MGP) will be totally reflected. Strictly speaking, such extremely asymmetric propagation in MPA cannot be described by waves traveling in a simple medium with homogeneous permittivity and permeability. However, since we only consider the interaction of MPA with incident light from the front-side (cross-wire), we can use $\documentclass[12pt]{minimal}
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At the perfect absorption wavelength λ = 5.94 μm ($\documentclass[12pt]{minimal}
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Three-layer effective medium model {#Sec4}
----------------------------------

To better understand the underlying mechanism that the wave travels and decays inside the MPA, we have studied the transmission and reflection of waves at each constituting layers and used a transfer matrix method to obtain the overall reflection/absorption properties of MPA. We considered the cross-wire as a metasurface and described it as a homogeneous thin film with effective permittivity $\documentclass[12pt]{minimal}
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                \begin{document}$$|\alpha \cdot {r}_{23}|$$\end{document}$ (blue): terms used in the amplitude condition (Eq. [2](#Equ2){ref-type=""}). Inset depicts various transmission and reflection coefficients of MPA structure. (**d**) $\documentclass[12pt]{minimal}
                \usepackage{amsmath}
                \usepackage{wasysym} 
                \usepackage{amsfonts} 
                \usepackage{amssymb} 
                \usepackage{amsbsy}
                \usepackage{mathrsfs}
                \usepackage{upgreek}
                \setlength{\oddsidemargin}{-69pt}
                \begin{document}$$\theta $$\end{document}$ (red), $\documentclass[12pt]{minimal}
                \usepackage{amsmath}
                \usepackage{wasysym} 
                \usepackage{amsfonts} 
                \usepackage{amssymb} 
                \usepackage{amsbsy}
                \usepackage{mathrsfs}
                \usepackage{upgreek}
                \setlength{\oddsidemargin}{-69pt}
                \begin{document}$$\gamma $$\end{document}$ (blue), $\documentclass[12pt]{minimal}
                \usepackage{amsmath}
                \usepackage{wasysym} 
                \usepackage{amsfonts} 
                \usepackage{amssymb} 
                \usepackage{amsbsy}
                \usepackage{mathrsfs}
                \usepackage{upgreek}
                \setlength{\oddsidemargin}{-69pt}
                \begin{document}$$2\beta $$\end{document}$ (green), $\documentclass[12pt]{minimal}
                \usepackage{amsmath}
                \usepackage{wasysym} 
                \usepackage{amsfonts} 
                \usepackage{amssymb} 
                \usepackage{amsbsy}
                \usepackage{mathrsfs}
                \usepackage{upgreek}
                \setlength{\oddsidemargin}{-69pt}
                \begin{document}$$\varphi ({r}_{21})$$\end{document}$ (black) and $\documentclass[12pt]{minimal}
                \usepackage{amsmath}
                \usepackage{wasysym} 
                \usepackage{amsfonts} 
                \usepackage{amssymb} 
                \usepackage{amsbsy}
                \usepackage{mathrsfs}
                \usepackage{upgreek}
                \setlength{\oddsidemargin}{-69pt}
                \begin{document}$$\varphi ({r}_{23})$$\end{document}$ (orange): terms used in the phase condition (Eqs [3](#Equ3){ref-type=""}, [4](#Equ4){ref-type=""}). Two perfect absorption regions at 5.94 μm and 1.79 μm are highlighted in green.

Around the perfect absorption wavelength λ = 5.94 μm, both the amplitude condition in Eq. [2](#Equ2){ref-type=""} ($\documentclass[12pt]{minimal}
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                \begin{document}$${\rm{\min }}(|r{|}^{2})={R}_{min}=3.68\times {10}^{-4}$$\end{document}$ at λ = 5.94 μm). The phase condition in Eq. [3](#Equ3){ref-type=""} suggests a Fabry-Perot cavity-like mechanism. The cross-wire acts as a "mirror" that reflects light due to its high effective permittivity and forms a cavity together with the MGP. The incident wave enters the MPA and is reflected multiple times by MGP and cross-wire. The FP cavity resonances establish when the round-trip phase is fulfilled with the following condition:$$\documentclass[12pt]{minimal}
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Another important characteristic feature of MPA is the angular independence of the incident wave. This is very useful in thermal imaging/sensing and energy harvesting applications to receive off-normal incident lights. We performed simulations of actual MPA structure, single-layer and three-layer thin film model with the polar angle $\documentclass[12pt]{minimal}
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Higher order FP modes {#Sec5}
---------------------

Equations [3](#Equ3){ref-type=""} and [4](#Equ4){ref-type=""} indicate that the phase conditions are satisfied when $\documentclass[12pt]{minimal}
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                \begin{document}$$\pi $$\end{document}$ and the current in MPG changes to the opposite direction.Figure 5Reflection, E~x~ field and current distributions for lowest three orders FP modes. (**a**) Simulated reflection spectra for actual MPA structures with the spacer thickness of $\documentclass[12pt]{minimal}
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                \begin{document}$${t}_{s3}=4.03\,\mu m$$\end{document}$. Top views of current density on the cross-wire and MPG for (**c**) 1^st^ order, (**d**) 2^nd^ order and (**e**) 3^rd^ order MPA. Insets placed on the right side of (**c**)--(**e**) show the *x*-component of electric field $\documentclass[12pt]{minimal}
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                \begin{document}$$({E}_{x})$$\end{document}$ along *z*-direction (propagation direction). Current density on the meta-film representing cross-wire and the MGP for (**f**) 1^st^ order, (**g**) 2^nd^ order and (**h**) 3^rd^ order. Insets on the right side of (**f**)--(**h**) display $\documentclass[12pt]{minimal}
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We expect the FP cavity model for MPA to lead to novel applications. As one example, the MPA provides much stronger local electromagnetic fields enhancement than typical plasmonic resonators due to its large Q-factor. Such local field enhancement is always demanded to improve the performance of sensor/detector at infrared and THz regimes^[@CR11],\ [@CR21],\ [@CR37]^. However, the region between resonator and MGP in the MPA, where the fields are mostly enhanced, are too thin to fit most sensing and detector devices. With the cavity model, we can design the higher order cavities that can fit in the required thickness of practical devices. For instance, infrared focal plane array device working at 6 μm wavelength^[@CR37]^, is composed of an active layer (20 stacks of InGaAs/AlGaAs quantum wells) and top/bottom contact layers (n-doped GaAs). The total thickness is about 2 μm which is much larger than the first-order MPA thickness of 0.09 μm, but is very close to the second-order thickness of 2.06 μm. Furthermore, this thickness is tunable by varying the size of the resonator (cross-wire) to fit the requirement of existing devices. Another potential application is to use the high photonic density of states (PDOS) for cavity quantum electrodynamic (QED) applications^[@CR29],\ [@CR38],\ [@CR39]^. PDOS is inversely proportional to the volume of a cavity. The first-order cavity of MPA has thickness of \~$\documentclass[12pt]{minimal}
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                \begin{document}$$\lambda $$\end{document}$/2). This size is also much smaller than typical plasmonic resonators^[@CR29]^ which EM fields normally extend to distance of a few wavelengths. Our calculation shows the MPA cavity can improve the PDOS by \~80 times as compared to plasmonic resonators. Such high PDOS promises great potential in cavity QED applications^[@CR29],\ [@CR38],\ [@CR39]^.

Discussion {#Sec6}
==========

In summary, we developed a multi-layered metasurface model for MPA. With a transfer matrix analysis, we found a FP cavity mechanism that models the MPA as a meta-cavity bounded between the "qusi-open" boundary of resonator and the "close" boundary of MGP. The FP cavity model well explains the characteristic features including ultra-thin thickness and angular independence. We also found the higher order FP cavity modes when the thickness of MPA (spacer) increases by multiples of a half-wavelength. The strong field enhancement of cavity resonances and high PDOS promise novel applications in sensor/detector and cavity QED device.

Methods {#Sec7}
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For MPA, we only consider the input impedance $\documentclass[12pt]{minimal}
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                \begin{document}$${z}_{{\rm{in}}}$$\end{document}$ as shown in Fig. [1f](#Fig2){ref-type="fig"} for the incident wave from the front side.
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